A dual-channel, ground-based microwave radiometer, working at the frequencies 21.0 and 31.4 GHz, an infrared spectral hygrometer, and radiosondes have been used for comparative measurements of the integrated amount of precipitable water vapor in the atmosphere over a period with zenith water vapor contents varying between 6 and 26 mm. The microwave radiometer was found to give comparable or better formal accuracy than the radiosondes, the absolute accuracy of which is believed to be about 1 mm. The rms difference of the integrated amount of water vapor in the zenith direction measured with the microwave radiometer and with radiosondes was 1.2 mm for all data, and 0.8 mm for a selected group of good weather data. These are lower formal errors than previously reported. It is shown that the simplified relation between the radiometer antenna termperatures and the integrated amount of water vapor in this case contributes with a formal error of about 0.3 mm. It is suggested that mean ground weather data can be used to adapt this relation to other sites and seasons.
There are, however, other methods to determine the IPWV, e.g., correlation with ground surface weather measurements, integration of radiosonde profiles, infrared spectral hygrometer (IRSH) measurements, and aircraft soundings. Ground surface weather measurements are easy to perform, but there are often rather low correlations between local humidity and IPWV. The radiosonde is in principle a simple instrument, but it has poor accuracy in the relative humidity measurements, especially at high altitudes and low humidities. It is also difficult to perform continuous measurements, and it is impossible to control the path of the radiosonde through the atmosphere. The most common infrared spectral hyCopyright 1982 by the American Geophysical Union.
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0048-6604/82/0910-0713$08.00 grometer (IRSH) measures the ratio of the radiation from the sun at two frequencies on and off a water vapor line. The hygrometer is calibrated by means of an independent instrument, e.g., radiosondes, so that an empirical relation between the measured intensity ratio and the integrated amount of water vapor can be deduced. The hygrometer cannot be used at night (except a construction reported by Biischer and Lemke [1980] ) or when clouds obscure the sun. Furthermore, an assumption of a horizontally stratified atmosphere is required to deduce the IPWV in any other direction than toward the sun. Finally, the method of aircraft soundings has high accuracy but is limited in altitude and too expensive for routine observations. Accurate measurements of the integrated amount of cloud liquid are difficult to perform. The traditional method is aircraft soundings. The possibility of using a WVR is therefore of great interest, and its capability has been demonstrated by Snider et al. [1980] .
The main purpose of the experiment described in this report was to investigate the accuracy of IPWV results obtained with microwave radiometry. Data from three of the four methods described above are therefore compared in section 5 with results from simultaneous WVR observations. In order to understand the WVR results, an improved theory relating the observed brightness temperatures and the IPWV is included, followed by a short description of the various instruments. The theory, which will result in a simplified relation between (1) and (2), will from now parallel that given by Wu [1979] Radiosondes. The radiosonde measures the pressure, the temperature, and the relative humidity as functions of the height. The water vapor density can be calculated from the relative humidity by means of the known relations for the water vapor pressure [Crane, 1976] , and the ideal gas law. The water vapor density was then integrated with height from the ground up to the 300 mbar pressure level, at about 9000 m, according to equation (1). The integration was done numerically between characteristic points in the measured temperature and (or) relative humidity profiles. The liquid water content of the atmosphere was calculated from a cloud model, where we assumed that a relative humidity exceeded • 40 data points. least squares method, to the radiosonde data. Figure   3 shows the IPWV derived from radiosonde data compared with the surface water vapor density, IRSH, and WVR data, respectively. These plots contain the complete set of observations. The simplest way to predict the IPWV is to use the mean seasonal value, calculated from previous radiosonde observations. A mean of 14.9 mm during the experiment gives an rms difference as high as 5.5 mm. This value will increase if the means from previous years are used instead. To reduce this difference by a factor of 2, we can instead use the water vapor density at the ground. However, the correlation between IPWV and ground surface water vapor density varies from site to site. Observations of high as well as low correlations have been reported ( such as the climate and the topography of the area around the site play an important role. The improvement we obtain by using the IRSH is surprisingly low, but this may be partly due to the fact that the measurements with the IRSH were done during a period with higher humidity than during the experiment with the WVR (see Figure 3) .
A compromise between the inexpensive IRSH and the dual-channel WVR is a one-channel radiometer at 21.0 GHz. The accuracy for good weather data is almost as high as the accuracy obtained with the dual-channel WVR. However, if we consider the entire group of data, we find that if the amount of cloud liquid in the atmosphere increases, the accuracy decreases and is almost as bad as when we used ground surface water vapor density measurements only. The accuracy achieved with the dual-channel WVR is remarkably high. The radiosonde specifications by the manufacturer give an rms error of the same order as the rms difference between the WVR and the radiosondes. The slight improvement in accuracy obtained if we omit the constraint on the constants cx and c2 (see equations (12) and (13)) shows that the theory in section 2 is quite accurate. No improvements of the rms difference were obtained when the actual values of the weighting function at the ground were included in the regression analysis. This is easily explained if the expressions for the absorption coefficients due to water vapor [Waters, 1976] perature and the pressure. Short time variations in the ground temperature uncorrelated with changes at higher altitudes will therefore decrease the accuracy of the regression analysis. On the other hand, we realize that a long-term mean of the weighting function at the ground level can be used as a correction factor for measurements at different climatological conditions (seasons and sites). The mean value of W'(O) during these observations was 2.25.10 -3 [K-X/(g m-3 GHz2)].
The error introduced by the WVR theory (see section 2), mainly due to a nonconstant weighting function, can be calculated by deriving the theoretical antenna temperatures from the radiosonde profiles and thereafter fit these temperatures to the IPWV:s calculated from the same profiles (predictor 8, Table  1 Finally, it should be mentioned that the radiometer has also been used to determine water vapor profiles in the atmosphere [Skoog et al., 1982] .
Cloud liquid. There were only 17 observations made when the radiosonde and/or the WVR detected liquid water in the atmosphere. This fact together with the poor method to measure liquid water with the radiosonde implies that it is not meaningful to derive an empirical formula from these data. Instead, we chose to calculate the integrated amount of liquid water from the antenna temperatures with the formula given by Guiraud et al. [1979] (corrected for a misprint to L=-0.018-0.00114T(20.6) + 0.00284T(31.6)). These results were then correlated with the amount of liquid water estimated from the radiosonde profiles. The obtained correlation coefficient was 0.7. We are convinced that the main error source is the method to calculate the liquid water from the radiosonde data, which implies that the observations described here are insufficient to determine the capability of the WVR to measure integrated amounts of liquid water (see, however, Snider et al. [1980] for an alternative method of comparison).
CONCLUSION
The results show that the microwave radiometer has an accuracy comparable with or slightly better than the radiosonde to measure the integrated amount of water vapor in the atmosphere. Although we have not discussed the calibration procedure in this report, it is important to calibrate the radiometer against an independent instrument or method with as low systematic error as possible. This can be done with the predictor 7 or 8 (Tables 1 and 2 ), i.e., by using radiosondes or the theory for water vapor absorption, respectively. The obtained regression coefficients can be adjusted, by using the mean ground value of the weighting function, to suit a site with different climatological conditions.
